In this study, the oxidative polycondensation reaction conditions of 4-[(thien-2-yl-methylene) amino] phenol (4-TMAP) by using oxidants such as air O 2 , H 2 O 2 and NaOCl were studied in an aqueous alkaline medium between 313 and 363 °K. The structures of the synthesized monomer and oligomer were confirmed by FT-IR, UV-vis, NMR and elemental analysis. The characterization was made by TG-DTA, size exclusion chromatography (SEC) and solubility tests. At the optimum reaction conditions, the yield of oligo-4-[(thien-2-yl-methylene) amino] phenol (O-4-TMAP) was found to be 36% for air O 2 oxidant, 40% for H 2 O 2 oxidant and 47% for NaOCl oxidant. According to TG analysis, the weight losses of 4-TMAP and O-4-TMAP were found to be 58.11% and 51.38% at 1273°K, respectively. O-4-TMAP was shown higher stability against thermal decomposition. Also, electrical conductivity of the O-4-TMAP was measured, showing that the polymer is a typical semiconductor. The highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO) and electrochemical energy gaps ( ' g E ) of 4-TMAP and O-4-TMAP were found to be -6.13, -6.02; -2.72, -2.69; 3.41 and 3.33 eV, respectively.
Introduction
The polyazomethine polymers attracted attention in the early 1960 [1] as new semiconducting materials. The polyazomethine which included azomethine (-CH=N) and active hydroxyl (-OH) groups have been used in various fields. They have useful properties such as paramagnetism, electrochemical cell and resistance to high energy. Because of these properties, they were used to prepare the composites with resistance to high temperature and graphite materials, epoxy oligomer and block copolymers adhesives, photoresists and antistatic materials [2] [3] [4] [5] [6] [7] [8] . Research interest in poly-Schiff bases (polyazomethines) continues owing to their different characteristics such as chelating properties [9] , thermal stability [10] , liquid crystal properties [11] , as well as intrinsic conductivity [12] , etc. Recently, it was reported that the electrical conductivity of conjugated poly-Schiff bases may be increased by about eight orders of magnitude (up to the level of semiconductors) when they are doped by iodine and such doped materials has good stability, electro activity and electro conductivity [13] [14] [15] .
However, it was also found that they are neither soluble (inorganic solvents) nor meltable due to their rigid polymer chains and strong intermolecular forces, which greatly obstruct the characterization and processing of the polymers. The halogen and sulphur derivatives of oligophenols were used to prepare the composite materials enduring to flame of the specific detergents such as lead storing battery cathodes [16] . These compounds yielded new properties by adding other functional groups to their structures. Because of azomethine (-C=N) and hydroxyl (-OH) groups, these type oligomers may be used as an anti-microbial agent [17] . Also, due to these groups, azomethine polymers have the capability of coordination with different metal ions and they can be used for cleaning of poisonous heavy metals in industrial waste waters. Therefore, the synthesis of oligomer-metal complexes is very important for analytic and environmental chemistry. It seemed advantageous to attempt to design and prepare a polymer-bound chelating ligand, which would be able to form complexes with a variety of transition metals and therefore have a large range of applications [18] .
In this paper, we have investigated the effects of different parameters such as temperature, reaction time and initial concentration of NaOCl and H 2 O 2 for the oligo-4-[(thien-2-yl-methylene)amino] phenol (O-4-TMAP) synthesis. We have characterized 4-TMAP and O-4-TMAP by using FT-IR, UV-vis, 1 H-13 C-NMR, elemental analysis, TG-DTA and SEC techniques. The electrical conductivity of the polymer was measured by four-point probe technique after doping with I 2 at room temperature and atmospheric pressure. Also, HOMO, LUMO energy levels and electrochemical band gaps of the monomer and oligomer were measured with cyclic voltammetry.
Results and Discussion

The Investigation of synthesis conditions of O-4-TMAP
4-[(Thien-2-yl-methylene) amino] phenol was oxidized in an aqueous alkaline medium by air O 2 , H 2 O 2 (30% aqueous solution), and NaOCl (30% aqueous solution). In the aqueous alkaline medium, when 4-TMAP interacted with oxidants such as air O 2 , H 2 O 2 and NaOCl, it immediately precipitated phenoxy radicals in brown. The conditions of oxidative polycondensation reaction of 4-TMAP with 30% NaOCl solution in an aqueous alkaline medium are given in Table 1 . The yield of O-4-TMAP was 24% at the NaOCl medium for 10 h at 313 °K. As seen from Table 1 Table 2 . As is seen from Table 1 and 2, in these reactions the yield of the oligomer was dependent upon temperature, times and initial concentrations of alkaline and oxidants. At the same conditions, the yield of O-4-TMAP was about the same for all oxidants.
Structure of O-4-TMAP
According to SEC chromatograms, the values of number-average molecular weight (M n ) and weight-average molecular weight (M w ) of O-4-TMAP were calculated according to a Polystyrene standard calibration curve and are given in Table 3 .
According to the SEC analysis, the number-average molecular weight (M n ), weightaverage molecular weight (M w ) and polydispersity index (PDI) values of O-4-TMAP were found to be 3680, 7450 g mol -1 and 2.024, using H 2 O 2 , and 2400, 6900 g mol
and 2.875, using air O 2 and 3700, 4260 g mol -1 and 1.151, using NaOCl, respectively.
Tab. 2. The oxidative polycondensation reaction parameters of 4-[(thien-2-ylmethylene)amino] phenol
a with air O 2 (sample number: 1-9) and non oxidant (sample number: 10-21) in aqueous KOH.
Sample No
Temp., The UV-vis spectra of 4-TMAP and O-4-TMAP were similar to one together. However, at the spectra of 4-TMAP, K bands of phenol and C 6 H 5 -N= were observed in 235 nm and 269 nm, respectively. Benzene band of 4-TMAP and strength R band of -CH=N-groups were observed in 292 and 345 nm, respectively. λ max values of O-4-TMAP were observed in 205, 232, 280 and 360. UV-vis spectra of O-4-TMAP, K and R bands were observed in 280 nm and 360 nm, respectively. The shifting of the -CH=N-group band from 345 nm to 360 nm has been demonstrated for the formation of the oligomeric conjugate π electron system. The FT-IR spectra of oxidative polycondensation product of 4-[(thien-2-yl-methylene)amino] phenol are only different by reduction of band strength and peak numbers from the FT-IR spectra of 4-TMAP.
In the FT-IR spectra of 4-TMAP and O-4-TMAP, bands of -OH and -CH=N groups were observed in 3135 and 1610 cm -1 ; 3288 and 1606 cm -1 , respectively. In order to identify the structures of monomer and oligomer, the 1 H-NMR spectra were recorded in DMSO-d 6 .
1 H-NMR and 13 C-NMR spectra of the 4-TMAP are given in Figures 1  and 2 , respectively. At the 1 H-NMR spectra of 4-TMAP and O-4-TMAP, the signals of -OH and -CH=N groups were observed in 9.52 and 8.75 ppm and 9.64 and 9.16 ppm, respectively. Because of C-C coupling system, a new peak was observed in 5.57 ppm at the 1 H-NMR spectra of oligomer. According to 1 H-NMR spectra results, the shifting to down field of signals of -OH and -CH=N groups is demonstration of formation of conjugate π-bond systems. The 1 H-13 C-NMR spectra results of the O-4-TMAP ( Figures 3 and 4) confirm the formation of oligomer units. Other phenol derivatives were also polymerized, and the results have been reported in the literature [20] . Cross-linking in oligomer structure is expected in those cases where the ortho positions in the corresponding monomer structure are unsubstituted. The oxyphenylene are involved in the formation of free radicals leading to oligomer formation and they appear to be involved in bond formation. Thus the phenyl rings in the oligomer appears to be linked primarily at ortho positions of oxyphenylene. The 1 H-NMR and 13 C-NMR results showed that the polymerization of 4-TMAP proceeded by C-C and C-O-C coupling from ortho positions according to -OH group and oxyphenylene, respectively [21] . According to spectral analyses, a segment of O-4-TMAP chain can be formulated as follows (Scheme 1).
Thermal analyses of 4-TMAP and O-4-TMAP
TG-DTG-DTA curves of monomer and oligomer are given in Fig. 5 and 6 . The initial degradation temperature, 50% and 58.11% weight loss of 4-TMAP was found to be 492, 871 and 1273 °K, respectively. According to DTA analysis, endothermic and exothermic peaks were observed in 475 and 529°K, respectively. According to DTG curve, T max value of 4-TMAP was 516 °K. The initial degradation temperature, 50% and 51.38% weight loss of O-4-TMAP was found to be 465, 980 and 1273 °K, respectively. According to TGA curve, thermal degradation of O-4-TMAP occurred in one step and it weight loss was found as 51.38% between 423-1273 °K. Because of C-O-C coupling formation, initial degradation temperature of oligomer was lower than monomer from TGA measurements. This result C-O-C bond has degraded at lower temperature than C-C bond. Because of long conjugated band systems, oligomer demonstrated higher resistance against high temperature than monomer. According to DTG and DTA curves, exothermic peak and T max value of O-4-TMAP was 703 and 817 °K, respectively. According to TG analysis, although initial degradation temperature of O-4-TMAP was lower than monomer, it was more stable than monomer to temperature and thermal decomposition because carbines residue was formed at high amounts such as 48.62% at 1273 °K. The presence of water can be seen in TGA curve of oligomer (Fig. 6) , showing between 7.75% wt losses in the 323-423 °K and 323-463 °K range, respectively, and corresponding to the loss of water of crystallization (323-423 °K) and coordination water (323-473 °K) [22] . 
Electrochemical Properties of 4-TMAP and O-4-TMAP
The voltammetric measurements of 4-TMAP and O-4-TMAP were carried out in acetonitrile and DMSO, respectively. The HOMO, LUMO energy levels and electrochemical energy gaps ( ' g E ) were calculated from oxidation and reduction onset values [21] and are shown in Figure 7 . The HOMO, LUMO energy levels and electrochemical band gaps ( ' g E ) of 4-TMAP and O-4-TMAP were found to be -6.13, -6.02; -2.72, -2.69; 3.41 and 3.33 eV, respectively. Thermal analysis results demonstrated resistance of synthesized oligomer against thermal degradation to be enough. Properties of monomer and oligomer with potential low-band gap characteristics were determined. The band gap value of monomer was higher than oligomer. This is a result of the azomethine group that is an electron-donor. This increases the HOMO more than the LUMO and therefore lowers the band gap. The observed band gaps are sufficiently low to make these monomer and oligomer highly promising for photovoltaic applications.
Fig. 7. Cyclic voltammograms of 4-TMAP (1) and O-4-TMAP (2).
Experimental
Materials
Thiophene-2-carboxyaldehyde, 4-amino phenol, dioxane, methanol, ethanol, 1-butanol, 2-propanol, acetonitrile, benzene, toluene, ethyl acetate, heptane, hexane, CCl 4 , CHCl 3 , tetrahydrofurane, THF, dimethylformamide, DMF, dimethylsulfoxide, DMSO, H 2 SO 4 (98%), NaOH, H 2 O 2 (30% aqueous solution), KOH and HCl (37%) were supplied from Merck Chemical Co. and they were used as received. Sodium hypo chloride (NaOCl), (30% aqueous solution) was supplied from Paksoy Chemical Co. (Turkey).
Preparation of 4-[(thien-2-yl-methylene) amino] phenol (4-TMAP)
4-TMAP was prepared by the condensation of thiophene-2-carboxyaldehyde (1.12 g, 0.01 mol) with 4-amino phenol (1.09 g, 0.01 mol) in methanol (25 ml (Table 1 and 2). Air was passed into an aqueous solution of KOH (20%) before being sent through the reaction tube to prevent water loss in the reaction mixture and to neutralize CO 2 in the air (Scheme 4). The reaction mixtures were cooled to room temperature, and then 0.001 mol HCl (37%) was added. For the separation of mineral salts and unreacted monomer, the mixture was filtered and washed with hot water (3 x 25 ml) and then dried in a vacuum oven at 333°K. 
Synthesis of oligo-4-[(thien-2-yl-methylene) amino] phenol with
Electrical Properties
Conductivity was measured on a Keithley 2400 Electrometer. The pellets were pressed on hydraulic press developing up to 1687.2 kg/cm 2 . Iodine doping was carried out by exposure of the pellets to iodine vapor at atmospheric pressure and room temperature in desiccators [7] .
Electrochemical Properties
Cyclic voltammetry (CV) measurements were carried out with a CH instruments 660C Electrochemical Analyzer at a potential scan rate of 20 mV/s. All the experiments were performed in dry box under Ar atmosphere at room temperature. The electrochemical potential of Ag was calibrated with respect to the ferrocene/ferrocenium (Fc/Fc + ) couple. The half-wave potential (E 1/2 ) of (Fc/Fc + ) measured in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF 6 ) acetonitrile solution is 0.39 V vs. Ag wire or 0.38 V vs. supported calomel electrode (SCE). The voltammetric measurements were carried out for 4-TMAP and O-4-TMAP in acetonitrile and DMSO, respectively [19] . The HOMO, LUMO energy levels and electrochemical energy gaps ( ' g E ) were calculated from oxidation and reduction onset values.
Solubility and Characterization Techniques
O-4-TMAP was dark brown at powder forms and it was completely soluble in organic solvents such as methanol, DMF, DMSO, aqueous alkaline and conc. H 2 SO 4 . O-4-TMAP was insoluble in ethanol, 1-butanol, 2-propanol, heptane, hexane, benzene, toluene, ethyl methyl ketone, ethyl acetate, acetonitrile, CHCl 3 , CCl 4 and dioxane. The solubility tests were done by using 1 mg sample and 1 ml solvent at 298 °K.
Ultraviolet-visible (UV-vis) and the infrared spectra were measured by Perkin Elmer FT-IR Spectrum One and Perkin Elmer Lambda 25, respectively. The FT-IR spectra were recorded using universal ATR sampling accessory (4000-550 cm -1 ). UV-vis spectra of 4-TMAP and O-4-TMAP were determined by using methanol and DMSO. Elemental analysis was carried out with a Carlo Erba 1106. 4-TMAP and O-4-TMAP were characterized by using 1 H and 13 C-NMR spectra (Bruker AC FT-NMR spectrometer operating at 400 and 100.6 MHz, respectively) and recorded at 298 °K by using deuterated DMSO as solvent. Tetramethylsilane was used as internal standard. Thermal data were obtained by using Perkin Elmer Diamond Thermal Analysis. The TG-DTA measurements were made between 293-1273°K (in N 2 , rate 10°C/min). The number average molecular weight (M n ), weight average molecular weight (M w ) and polydispersity index (PDI) were determined by size exclusion chromatography (SEC) techniques of Shimadzu Co. For SEC investigations a SGX (100 Å and 7 nm diameter loading material) 3.3 mm i.d. x 300 mm columns; eluent: DMF (0.4 ml/min), polystyrene standards were used. A refractive index detector was used to analyze the oligomers at 298 °K.
